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Abstract 
 
In this investigation finite element calculations have been performed to obtain the creep stress 
distributions generated in circumferentially notched bar test-pieces. They have also been 
made to determine the relation between axial extension and notch throat diameter changes.  It 
has been found that an approximate skeletal point can be identified where the stress state is 
insensitive to the power law stress dependence of creep.  Consistent trends in skeletal point 
stress ratios to those given in an existing Code of Practice for notch bar creep testing have 
been obtained.  Nevertheless up-dated values, particularly for sharp notches, are proposed 
and these have now been inserted into a new version of the Code of Practice.  In contrast the 
link between extension and notch throat diameter changes has been found to depend on the 
creep stress index as well as the notch geometry.  It is anticipated that the analysis can be 
used to establish the multi-axial creep stress deformation and rupture behaviour of materials. 
 
Nomenclature 
 
a,b,c Coefficients in equations to determine skeletal stress ratios 
A Coefficient in creep law 
dno Initial diameter of notch throat of test-piece 
D Diameter of parallel portion of gauge section of test-piece 
E Elastic modulus 
Le Extensometer gauge length 
n Stress dependence in creep law 
r Radial coordinate at notch plane 
rno Initial notch root radius 
x Ratio of notch throat diameter to notch root radius (dno/rno) 
y Relevant normalized or skeletal stress ratio 
α,β Proportionality factors relating axial and diametral displacements 
δa Axial extension 
δd Diameter change 
σ Stress 
σm Hydrostatic stress 
σvm Von-Mises stress 
σnet Average axial stress across the notch throat 
σ 1 Maximum principal stress 
ε&  Creep strain rate 
 
* Superscript used to indicate skeletal point values 
 
Introduction  
 
Circumferentially notched bars loaded in tension have been used for many years to examine 
the notch sensitivity of materials to creep failure.  A code of practice was issued initially in 
1991 as an NPL publication (1) and subsequently externally in 1992 (2) for carrying out these 
tests and for interpreting the experimental results.  Although performance of the tests is 
straightforward, interpretation of the data requires the use of computer analysis.  The 
computer analysis in the code was based on finite element calculations that were made in the 
1980’s (3, 4) when computing power was much less than is now available.  This investigation 
was undertaken to update these calculations for a re-issue of the code of practice and to 
establish a relationship between axial displacement and notch throat diameter changes. 
 
Calculations 
 
The geometry of notched bar specimens examined corresponded with that recommended in 
the revised Code of Practice (5) and shown in Fig. 1.  Each bar had a double notch with 
noD d 2=  and calculations were made for no nod 2r = 5, 15 and 25 to cover the range of 
interest in the code.  The actual values chosen for these parameters, together with the distance 
Le between extensometer ridges are given in Table 1.  The calculations were carried out 
assuming elastic behaviour on loading and a Norton power law creep response with  
 
 nAσε =&          (1) 
 
In the calculations, the elastic modulus E was taken as 200 GPa and A was chosen to give a 
creep rate ε&   of 510 h−  at a stress σ of 200 MPa from a given n value.  A net section stress 
of 200 MPa across the notch throat was applied to all the geometries and calculations were 
made for n= 1, 3, 5, 7, 10 and 20. 
 
The ABAQUS version 5.8 finite element package was used to make the calculations.  From 
symmetry only one half of the geometry was modelled.  An illustration of the type of finite 
element mesh in the local notch region that was employed is shown in Fig. 2.  Checks were 
made to ensure that it was sufficiently fine.  The calculations were performed until stress 
redistribution in the notch throat region was complete and steady state conditions had been 
achieved.  In all cases the Von-Mises σvm, maximum principal σ1 and the hydrostatic σm 
stresses were calculated as a function of radius across the minimum section of the notch 
throat for each value of the creep index n versus the notch length a(mm); as illustrated in 
Figs. 3-5 for no nod / 2r 5= .  For each geometry it was found that an approximate skeletal 
point existed where the stress was found to be almost constant, irrespective of the value of n, 
for n>3.  The radial position of the skeletal point is identified as r* in the figures. Although 
this radius was not exactly the same for a given geometry for each stress, it was found 
possible to define a suitably small skeletal zone in which the stresses could be identified.  The 
ratios of these stresses to the net section stress are presented in Fig. 6.  Also included in this 
figure are values which have been produced by other calculations performed at Imperial 
College, British Energy and Alstom for other notch geometries.  Figure 7 shows the 
corresponding skeletal stress ratios ** / vmm σσ  and **1 / vmσσ for use in establishing the 
multiaxial deformation and fracture behaviour of materials.  It has been found that a function 
 
  ay c exp( )
1 bx
= +  or 
axy exp( )
1 bx
= +    (2) 
 
can be fitted to each of the data sets in Figs. 6 and 7 where the values of a,b and c are given 
in Table 2.  In these expressions y represents the relevant normalized or skeletal stress ratios 
and x the ratio of the notch throat diameter to notch root radius dno/rno.  Tables 3 and 4 list the 
normalized skeletal stresses and the skeletal stress ratios derived from eq (2). 
 
Calculations have also been made to link axial displacement measurements across the 
extensometer ridges with notch throat diameter changes.  An example is shown in Fig. 8.  
Similar results were obtained for the other geometries.  It has been found that once steady 
state conditions have been reached, after an axial extension of about 0.1mm, a linear 
relationship exists between the length and diameter changes so that  
 
  a dδ αδ= −         (3) 
 
where α  is the proportionality factor between the axial extension aδ  and diameter change 
dδ .  Values of α for each notch geometry and n are given in Table 5.  These are plotted in 
Fig. 9 where it can be seen that α  can be expressed as  
 
  0.51nα β −=         (4) 
 
where for no nod 2r = 5, 15 and 25, β = 12.3, 15 and 16, respectively. 
 
 
Discussion 
 
A re-analysis has been performed by finite element methods of the stress distributions 
generated by creep across the notch throat region of notched bar test-pieces.  Once a steady 
state stress distribution has been achieved, it has been found that a skeletal point can be 
identified where the stress state is approximately independent of the stress index n of creep.  
Calculations have been made to determine the Von-Mises *vmσ , maximum principal *1σ , and 
mean *mσ stresses at this point for insertion into models for establishing the multiaxial creep 
stress rupture behaviour of materials (6-9).  An attraction of the skeletal point concept is that 
it enables the stress state generated in a notch throat to be identified without a detailed 
knowledge of the creep properties of a material being available.  It is argued that the stress 
state at the skeletal point can be used to describe the overall creep behaviour of the notched 
bar test-pieces.  In order to establish the multiaxial creep stress rupture criterion of a material, 
it is necessary to carry out experiments on different notch shapes to cover a range of skeletal 
point stress states.  If the stress state in a particular component only is to be replicated, it is 
only necessary to test the notch shape which most closely matches the stress state in the 
component. 
 
The same trends in skeletal point stresses have been identified as were obtained in the 
previous Code of Practice (1, 2).  However, it has been found necessary to up-date some of 
the values, particularly for sharp notches.  These have now been incorporated in the new 
version of the Code of Practice (5). 
 
In addition calculations have been made to relate gauge length extension to notch throat 
diameter changes so that if measurements of one are made in an experiment the other can be 
calculated.  In most instances extensions are measured but diameter changes are needed for 
establishing creep deformation local to a notch where the stress state is most intense.  
Although skeletal point stresses are insensitive to the creep stress index n it has been found 
that the relationship between axial extension and diameter changes is dependent on n.  It also 
depends on notch shape. Expressions, eqns. (3) and (4), have been developed for determining 
this relation. It should be noted that the α values obtained in eqns (3 and 4) are derived 
assuming eqn. (1). For situations where significant tertiary is involved this relationship may 
be different. 
 
Conclusions 
 
Finite element calculations have been performed to update the analysis in the Code of 
Practice (1, 2) for testing notched bars.  It has been found possible to identify an appropriate 
skeletal zone.  The broad trends in the stress ratios in the code have been confirmed although 
some changes in their values are recommended for inclusion in a new version of the Code 
(5). 
 
Calculations have been made to link axial extension and diameter changes.  These have been 
found to depend on notch geometry and the creep stress index.  It is anticipated that the 
results can be applied to interpret the multiaxial creep stress deformation and fracture 
behaviour of notched bars. 
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Table 1: Dimensions of specimens examined. 
 
 
dno/ 2 = 2.82mm 
D  / 2 = 4.00mm 
Le / 2 = 3.06mm 
 
no nod 2r  nor  
5         0.564 
15       0.19 
25       0.113 
 
 
Table 2: The constants derived for the curve fits of Figures 6 and 7 using Eqn. (2) 
Stress Ratio a b c 
netvm σσ *  -0.169 0.310 - 
netm σσ *  -1.074 0.259 0.987 
netσσ *1  0.020 0.049 - 
**
vmm σσ  -1.633 0.299 1.667 
**
1 vmσσ  0.153 0.172 - 
 
 
Table 3: Best-fit values of the normalized skeletal stresses derived from the fitted lines 
in Fig.6 using Eqn. (2) and the constants in Table 2 
Notch Acuity 
Ratio 
Normalised Stresses 
no
no
r
d
 
net
vm
σ
σ *
 
net
m
σ
σ *
 
netσ
σ *1  
1 0.88 0.42 1.02 
2 0.81 0.49 1.04 
3 0.77 0.54 1.05 
4.82 0.72 0.61 1.08 
10 0.66 0.73 1.14 
20 0.63 0.83 1.22 
30 0.61 0.87 1.28 
35 0.61 0.89 1.29 
50 0.58 0.91 1.34 
 
 
 
Table 4: Best fit values of the skeletal stress ratios derived from the fitted lines in Fig.7 
using Eqn. (2) and the constants in Table 2 
Notch Acuity 
Ratio 
Stress Ratios 
no
no
r
d  
*
*
vm
m
σ
σ
 *
*
1
vmσ
σ  
1 0.47 1.14 
2 0.60 1.26 
3 0.71 1.35 
4.82 0.86 1.50 
10 1.11 1.76 
20 1.32 1.99 
30 1.42 2.11 
35 1.45 2.14 
50 1.51 2.22 
 
 
TABLE 5: Ratio of axial extension to diametral contraction for each notch shape. 
n  α   
 no nod 2r 5=  no nod 2r 15=  no nod 2r 25=  
20 2.66 3.28 3.52 
10 3.76 4.34 4.99 
7 4.39 5.54 5.91 
5 5.34 6.82 7.2 
3 7.15 9.25 9.6 
1 11.5 14.68 15.43 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1:  Drawing of the axisymmetrically notched bars showing the dimensions for a 
sharp, medium and a blunt notch. (sizes in (mm)) 
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 Figure 2: An illustration, for the sharp notch profile, of the type of finite element mesh 
refinement employed local to the notch region. 
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Figure 3: Von-Mises stress distribution across the notch throat for various creep indices n for 
dno/2rno=5, dno=4.84 mm, σnet=200 MPa. r* is the skeletal point radius for the notch throat. 
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Figure 4:  Principal stress distribution across the notch throat for various creep indices n for 
dno/2rno=5, dno=4.84 mm, σnet=200 MPa. r* is the skeletal point radius for the notch throat. 
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Figure 5:  Hydrostatic stress distribution across the notch throat for various creep indices n 
for dno/2rno=5, dno=4.84 mm, σnet=200 MPa. r* is the skeletal point radius for the notch 
throat. 
 
Figure 6: Ratios of skeletal point stresses normalized with respect to net-section stress for a 
range of notch acuity ratios 
 
Figure 7: Ratios of skeletal point stresses normalized with respect to Von -Mises skeletal 
stress for a range of notch acuity ratios  
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Figure 8: Axial displacement versus diametral contraction for a notched bar with dno/2rno=5, 
dno=4.84mm, Ln=12mm and Le=36mm. 
 
Figure 9: Dependence of axial extension, δa, to diameter change, δd, ratio on n for dno/2rno =5, 
15, and 25 
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